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[1] The updraft and downdraft mass flux profiles generated by convective
parameterizations differ significantly from each other. Most convective parameterizations
are tested against temperature and relative humidity profiles from radiosondes. Chemical
tracers provide important additional constraints on the vertical redistribution of mass by
convective parameterizations. We compile tropical climatologies of water vapor (H2O),
ozone (O3), carbon monoxide (CO), and nitric acid (HNO3) from a variety of satellite,
aircraft, and balloon-based measurement platforms. These climatologies are compared
with the profiles predicted by a variant of the Emanuel convective parameterization, a
two-column model of the tropical atmosphere, and by the implementations of the Relaxed
Arakawa Schubert (RAS) and Zhang and McFarlane (ZM) parameterizations in a
three-dimensional global forecast model. In general, the models with more pronounced
convective outflow in the upper troposphere compare more favorably with observations.
These models are associated with increased evaporative moistening in the middle and
lower troposphere.
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1. Introduction

[2] Increasing the concentration of carbon dioxide in the
atmosphere reduces the emission of longwave radiation
from the troposphere. In the absence of a change in the
absorption of solar radiation in the troposphere, long-term
energy balance implies that there must be an increase in
tropospheric temperatures. The magnitude of this tempera-
ture increase is sensitive to the way in which tropospheric
temperature changes interact with the hydrological cycle. In
most models, a warming of the troposphere is associated
with an increase in water vapor concentrations which
approximately doubles the warming that would be obtained
for fixed water vapor [Stocker et al., 2001]. In some models,
however, the water vapor feedback more than triples the
surface temperature response [Hall and Manabe, 1999].

[3] The magnitude of the tropical water vapor feedback in
a global climate model is mostly determined by how the
model treats convection. In global models, convection is an
unresolved process which must be parameterized. Convec-
tive clouds moisten the atmosphere by detraining saturated
air into their environment, and by producing liquid water
and ice, which evaporate as they fall through unsaturated air
beneath precipitating clouds. On the larger scale, the net
upward mass transport within convective clouds gives rise,
by mass conservation, to an induced downward mass flux in
the background atmosphere. Because water vapor mixing
ratios typically decrease with altitude, this induced subsi-
dence decreases the relative humidity of the background
atmosphere. The convective parameterization of a climate
model determines both the vertical variation of cloudy
outflow of the model, as well as the amount of evaporative
moistening associated with falling precipitation. Future
changes in water vapor will be determined not only by
changes in atmospheric temperatures, but also by changes in
how convective clouds vertically redistribute mass and
water vapor in the atmosphere. To accurately simulate the
water vapor feedback, a model must reproduce the way in
which clouds currently transport air and moisture vertically,
as well as how this transport may evolve in the future.
[4] It is desirable to test the vertical transport of a

convective scheme against a variety of chemical tracers.
Cloud mass flux profiles generated by convective schemes
are usually tested by comparison with temperature and
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water vapor measurements. The diversity of updraft and
downdraft mass flux profiles generated by convective
schemes suggests that these observational constraints are,
by themselves, insufficient. In particular, most previous
relative humidity vertical profiles comparisons have been
confined to radiosondes, whose accuracy below �30 C is
often poor [Miloshevich et al., 2004]. For example, radio-
sondes fail to detect, or tend to underpredict, the rapid
increase in relative humidity that occurs within the deep
outflow layer, a layer of enhanced convective outflow
starting near 10 km and extending to 17 km. The vertical
variation of cloudy outflow in this layer is therefore poorly
constrained in most convective parameterizations.

2. Model Description

[5] In this paper, tropical climatologies of water vapor
(H2O), ozone (O3), carbon monoxide (CO), and nitric acid
(HNO3) are generated from a variety of measurement plat-
forms. These climatologies are used to test the representa-
tion of convective transport in four models. Two of the
models use assimilated meteorological data sets. The other
two models are used in a one-dimensional framework. The
two assimilated meteorological data sets were produced by
the Goddard Earth Observing System (GEOS) at the NASA
Global Modeling and Assimilation Office (GMAO). The
GEOS-3 model uses the Relaxed Arakawa Schubert (RAS)
convective parameterization [Moorthi and Suarez, 1992],
while the GEOS-4 model uses the Zhang and McFarlane
(ZM) convective parameterization [Zhang and McFarlane,
1995].
[6] The third model is based on a convective parameter-

ization [Emanuel, 1991; Emanuel and Zivkovic-Rothman,

1999] that has been implemented in some global models
[e.g., Peng et al., 2004]. The version used here is coupled to
an interactive radiative transfer model with more complete
cloud physics and uses a fractional cloud scheme. It will be
referred to as the CONRAD (Emanuel) model [Bony and
Emanuel, 2001]. It is run with a fixed sea surface temper-
ature of 27.5�C, and vertical resolution of 25 hPa. It is
coupled to the Brewer-Dobson stratospheric circulation via
an imposed upward vertical velocity. This vertical velocity
linearly increases from zero at 250 hPa to 2.5 � 10�4 m/s at
150 hPa, and is constant above this pressure.
[7] The fourth model is a two-column model (TCM)

[Folkins and Martin, 2005]. Its approach is illustrated in
Figure 1. Radiative mass fluxes in the clear sky column
were calculated from temperature, water vapor, and ozone
measurements at twenty four high vertical resolution radio-
sonde and ozonesonde stations between 20�S and 20�N.
These fluxes were then averaged together to produce a
tropical mean clear sky radiative mass flux. In the upper
troposphere, the downward radiative mass flux increases
toward the surface. In the model, this increase is supplied by
an outflow of air from the cloudy column. If it is assumed
that this cloudy outflow is saturated, the model can be used
to construct a primitive model of the tropical troposphere,
containing no free parameters, which correctly predicts the
observed increase in relative humidity between 11 km and
14 km [Folkins et al., 2002b]. To obtain agreement with
relative humidities in the middle and lower troposphere, an
evaporative moistening source of water vapor is added to
the clear sky column. The magnitude of this moisture source
is tuned to give rise to the correct tropical mean relative
humidity profile. The cooling associated with this evapora-
tion drives an additional downward mass flux in the clear
sky column which requires, by mass conservation, a shal-
low convective outflow from the cloudy column. This
model can be considered to be the simplest possible
representation of the tropical troposphere that is consistent
with both observed temperatures and water vapor mixing
ratios. Its most important deficiencies are probably (1) that
it ignores the possibility of entrainment of air from the clear
sky column into the cloudy column and (2) that it does not
allow downdrafts to directly inject evaporatively chilled air
into the boundary layer. Relaxation of either of these
restriction would require closure assumptions which are
still quite speculative. The one-dimensional approach of
the TCM model is also probably more appropriate in the
upper troposphere, where stronger horizontal winds de-
crease the magnitude of regional anomalies in chemical
species.
[8] A cloudy updraft can moisten the surrounding atmo-

sphere in the absence of a local net divergence. For
example, an updraft can simultaneously entrain subsaturated
air from its environment while detraining saturated air into
its environment. If the rates of entrainment and detrainment
are equal to each other, this combination of entrainment and
detrainment would have no effect on the mass divergence of
the cloud updraft at that altitude. It would, however, cool the
updraft at that altitude, affecting its buoyancy and detrain-
ment rate at other altitudes.
[9] The radiative heating rates of the clear sky column in

the TCM model were calculated without taking clouds into
account. Clouds can reduce the absorption of longwave

Figure 1. A simplified representation of the tropical
atmosphere showing the assumptions of the two-column
model (TCM) [Folkins and Martin, 2005]. Radiative
descent in the clear sky column (red arrows) is calculated
from tropical mean climatologies of trace gases and
temperature. The vertical variation of evaporatively forced
descent is constrained to agree with observed relative
humidities. The vertical variation of outflow from the
cloudy column is then determined by mass continuity, i.e.,
the assumption that the tropical atmosphere can be
considered, to first order, a closed circulation.
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